Our objective was to determine the role of two invasive bivalves on the concentration of ammonium as well as pH within intertidal surface sediments (0 -3 and 3 -6 cm depth) and interstitial waters, within the context of a warming environment. To meet this objective we applied both controlled laboratory (microcosm) and field (mesocosm) experiments where we varied bivalve presence and absence and sediment temperature. Mesocosm sampling was tide dependent as we attempted to capture changes in ammonium concentration and pH as related to flood and ebb tide. We focused on ammonium as this nutrient is typically a limiting nutrient in oceanic systems and its cycling is a key process that regulates biological productivity. We also determined pH because of the increasing threat of ocean acidification. Integration of laboratory and field studies suggests that bivalves significantly contribute to ammonium to the intertidal with this amount increasing with increasing temperature. This ammonium is then released from the sediment as a "pulse" to overlying seawater on the flood tide. Under laboratory conditions, increased temperature and density of bivalves decreased overlying water pH. Mesocosm studies suggested some tide dependence of pH with flood tide acting as a buffer, increasing pH on the flood tide, after sediment exposure during ebb tide. Increased numbers of invasive bivalves within a warming environment are likely to increase amounts of ammonium released as a pulse on flood tides from intertidal ecosystems making this region a source of ammonium to coastal seas. Greater numbers of non-indigenous bivalves within the intertidal could also contribute to increased acidity within these regions although the significance of such increases is unknown.
Introduction
The shallow seas of coastal zones are one of the most valued of the world's ecosystems ranking higher than terrestrial or open ocean systems despite their smaller area, a result of their role in the storage and cycling of the nutrients nitrogen and phosphorus [1] . A number of studies have demonstrated the strong control that benthic invertebrates have on the cycling of nutrients within this region and depending on their abundances and distribution can be the primary influencing factor for essential nutrients (e.g., [2] ). This has been especially demonstrated for bivalves, such as oysters, mussels and clams which when in high abundances can be the major determinants of the fate of nutrients notably nitrogen within the intertidal [2] [3] . Anthropogenic related activities that increase the bivalve community relative to other members of the intertidal community could affect nutrient cycling within this region which in turn could influence the supply of key nutrients to coastal seas. Increases in intertidal surface temperatures due to climate change will also affect the rates of these cycles.
On the west coast of British Columbia (BC), the intertidal bivalve community is changing due to the intentional introduction of the Manila clam (Venerupis philippinarum) for farming purposes and the non-intentional introduction of the varnish clam (Nuttalia obscurata). Both species are non-indigenous and are now the dominant bivalves replacing the indigenous littleneck clam (Leukoma staminea) which is confamilial to the Manila clam [4] and of similar size to the varnish clam. Manila clams were first found in BC in Ladysmith Harbour in 1936. In 30 years they spread throughout the Strait of Georgia and along the entire western coast of Vancouver Island and have become one of the major intertidal bivalves [4] . In contrast to the intentional introduction of the Manila is the non-intentional spread of the highly invasive varnish clam. First reported in the early 1990s, the varnish clam, native to China and Korea, is thought to have been transported in ballast waters to Vancouver Harbour and has since spread to a northern limit in Smith Sound, BC and to Coos Bay, Oregon in the south [5] . This species can reach densities of 800 m −2 , up to four times greater than those of indigenous species [6] High densities of the bivalve Austrovenus stutchburyi have been shown to increase ammonium efflux from sediments by an order of magnitude with this bivalve regenerated ammonium possibly supporting pelagic primary production previously limited by the availability of inorganic nitrogen, i.e., sediments became a net source rather than sink for ammonium to coastal seas [2] . Understanding the role that non-indigenous species play in influencing geochemical cycles (i.e., whether intertidal sediments are net sources or sinks for key nutrients) will therefore be necessary to determine their potential impact on primary and thereby secondary productivity within shallow coastal seas. This is of particular concern for coastal BC where the Manila and varnish clams are now the dominate bivalves within the intertidal and therefore will have the greatest impact on nutrient cycles within this region.
Thus the overall objective of our study is to contribute to a better understanding of how changes in community composition with respect to increased abundances of two non-indigenous bivalves in relation to increased temperature, alter ammonium concentrations within the intertidal. To meet this objective we applied both controlled laboratory microcosm and field mesocosm studies where we manipulated temperature and the presence and absence of bivalves. In addition to ammonium and given the ever increasing concern of ocean acidification we also measured pH. Over the next century, increased concentrations of atmospheric CO 2 are expected to cause a reduction in oceanic pH of 0.3 -0.4 pH units, which in turn will significantly negatively impact bivalves of both economic and ecological importance [7] . Of concern are the large gaps in our understanding of the impacts of ocean acidification which includes the natural variability of pH and the interactions with changes of other environmental stressors such as increased temperature [7] . It is hoped therefore that outcomes of our study will help better predict the impacts that non-indigenous species and climate change will have within the intertidal with respect to ammonium and pH such that we can better manage these regions and the ecological services they provide.
Materials and Methods
Sediments were collected from and field research was conducted at Fillongley Provincial Park on Denman Island, BC (49˚31'59''N, 124˚49'0''W). Sediment characteristics (grain size, organic matter content (%LOI) and iron) are provided in [8] and Chan and Bendell [6] . As both the Manila and varnish clam are occurring in increased numbers within the intertidal regions of BCs Pacific west coast, we used Manila clams for the experimental tide experiments and varnish clams for the ambient heating and field experiments. As our objectives were to assess the role of the non-indigenous bivalves in altering sediment pH and ammonium, prior to experi-mental manipulation, all sediments were wet sieved (2 mm) using seawater to homogenize and remove all other benthic invertebrates (of greater than 2 mm in size).
Microcosm Studies

Ambient Heating
All treatments and controls were replicated three times for a total of 12 microcosms and were randomly assigned as; 3 sterilized sediment/no clams, 3 sterilized sediment/with clams, 3 non-sterilized sediment/no clams, 3 nonsterilized sediment/with clams. Sediments used for the microcosm experiments were sterilized by autoclaving twice at 121˚C for an hour [9] . Seawater collected from Fillongely Park was filtered and autoclaved once for 30 minutes and allowed to settle for 24 hours prior to use [10] . Sediments and seawater for the unsterilized treatments were left untreated.
Plastic containers (10 cm * 10 cm * 10 cm) were used as microcosms and were filled with approximately 500 grams of sediment and 250 mL of seawater. Treatment microcosms contained 3 varnish clams for a stocking density of 3/100 cm 2 or 300/m 2 which represents densities observed under field conditions [6] [8] . All microcosms were aerated with air stones and pumps to ensure oxic conditions within surficial sediments (as in natural tidal substrates) necessary for nitrification [11] . Microcosms were set-up in a temperature controlled room and allowed to equilibrate for 24 hours before the start of the experiment. After 24 hours, the first sediment and overlying water samples were taken before the addition of varnish clams (purchased locally and acclimatized at 15˚C for a week prior to experimentation) to each of the treatment microcosms. Microcosm experiments were conducted at an initial room temperature setting of 15˚C (i.e., the average temperature for June when sediments and water were collected, National Climate Data and Information Archive for the Comox A station) and after 7 days, warmed to approximately 20˚C over a period of 5 days. Ambient room temperature was then reset to 15˚C with cooling occurring over the remaining 10 days of the experiment. The experiment was conducted for 22 days with sampling occurring every two days. No food was added to the varnish clam microcosms as varnish clams are both suspension and deposit feeders and food would have been obtained from the organic content of sediment which was approximately 6 mg•g −1 [8] . At time of sampling, triplicate samples of surficial sediment (approximately 2 -3 grams) was gently removed by plastic spoon, placed into plastic Ziplock ® bags and frozen until analysis. Triplicate samples of 5 mLs each of overlying water were removed by syringe, placed into clean glass vials and frozen until analysis (freezing has been shown to be an effective way of stabilizing ammonium concentrations in samples that cannot be analyzed immediately [12] Overlying waters were replenished to the initial volume of 250 mL after sampling. Sediments were homogenized by thoroughly shaking sediments in their plastic bags before subsamples were taken for ammonium analyses.
Experimental Tidal Cycle
Locally purchased Manila clams were used in the experiments and acclimatized for one week at 12˚C prior to manipulation. Twelve plastic containers (14 cm length × 10 cm depth × 10 cm width) used for microcosms were established in a cold room at 12˚C to which 800 grams of sediments and 500 mL of seawater were added. Each microcosm was constantly aerated with air stones and pumps throughout the experiments. Treatments were randomly assigned to the 12 microcosms. Two factors were varied, temperature and the absence and presence of bivalves (3 per treatment), for 4 treatments * 3 replicates; 12˚C/no bivalves, 12˚C/bivalves, 20˚C/no bivalves, 20˚C/bivalves. To mimic intense warming events where the intertidal surficial sediments can reach temperatures of 40˚C, sediment temperature was maintained by direct heating with heat lamp as was done under field conditions. To simulate tidal conditions, after acclimation, overlying water was drained from the microcosm, the sediment directly heated for 8 hours, then seawater replaced for 16 hrs. This was repeated three times to obtain an experimental tidal cycle with triplicate sediment and water samples taken as indicated in Figure 1 where EXPI, II, III refer to the three times sediments were sampled after heating for 8 hours, FI, II and III are the three times when sediment and seawater was sampled post flooding and exposure, and RI, II and III are the three times when sediment and seawater was sampled after sediment was covered with seawater for 16 hours.
Mesocosm Studies
Nine mesocosms (1.0 m width × 1.0 m length × 0.3 m depth, comprised of PVC pipe frames and 3 mm plastic mesh) used for previous experiments that were conducted two years prior to the current experiments [6] were again employed for experimental manipulation. Further details on mesocosm design and set-up are described in [13] . Sediment geochemistry (grain size, organic matter and iron) can be found in [6] , the average density of bivalves within the intertidal of Lambert Channel where the mesocosms were deployed [6] ). Each mesocosm was supplied with an interstitial water sampler (IWS) which consisted of a PVC pipe 10 cm length and 2.5 cm width which had two sampling ports at 3 and 6 cm depth connected to the surface with tubing (after [14] ). IWS's were inserted into the sediment with the tubing extruding from the surface of the sediment to allow for sampling. To achieve differences in surficial sediment temperature, triplicate mesocosms were randomly assigned one of three treatments; 3 exposed (no temperature manipulation), 3 covered to prevent natural heating and hence warming, and 3 heated. Covered plots were covered with a Mylar sheet which reflected 97% of radiated heat (Space Blanket ® ). Heated plots were radiated for one-two hours during low tide with an electric heat lamp supported by a Honda ® generator. Sediments and interstitial water were sampled in triplicate just as the tide covered and inundated each of the mesocosms inclusive of sediments and again just as the mesocosms became exposed. In this way we hoped to capture the "pulse" of nutrients associated with the time the intertidal was inundated and when it was exposed. Ten mLs of interstitial water was extracted by syringe from the IWS's at 3 and 6 cm depth within the sediment, placed into clean glass vials with minimal headspace, tightly capped then placed on ice in a cooler until analysis for pH and ammonium (within ten minutes of sampling). Sediment cores were taken randomly from each plot just before tide inundation (flood tide) and just after (ebb tide) by coring to a depth of 10 cm with a 50 mL Falcon tube ® with the end removed to allow for sediment removal. Sediments were transfer to labelled Ziploc ® bags and frozen until analysis. Prior to ammonium analyses, frozen sediments were thawed and sectioned into 0 -3 cm (surface) and 3 -6 cm (sub-surface) depths. A temperature probe was inserted into the sediment to a depth of 3 cm in the right corner of each mesocosm and temperature recorded every hour during the time that the intertidal was exposed. Initial temperatures were subtracted from final temperatures and differences expressed as delta T (Figure 2 Figure 2 . (a) Differences in intertidal sediment temperature achieved through the three treatments, exposed (no manipulation), covered (covered with a reflective cover) and heated (direct heating for 1 -2 hrs); (b) Delta T is the change in temperature at depth of 3 cm within the sediment over the period of tide exposure, initial temperature subtracted from final temperature. F is flood tide, R is receding tide. Values in (a) are averages with standard errors (sample sizes reported within text). The rain event is indicated as a blue rain drop between FII and RIII.
Ammonium-Sediment
Ammonium concentration was determined using the indophenol blue method as described in [15] . Approximately 1 g of wet sediment was mixed with 10 mLs of 2 M of potassium chloride and shaken on a mechanical shaker for an hour. After sediments had settled, the supernatant was filtered through Whatman no.42 filter paper and stored in the fridge (~4˚C) until analysis could be performed. 0.5 mL of the supernatant was combined with EDTA, phenol-nitroprusside and buffer solutions and diluted with double de-ionized water (ddH 2 O) for a total volume of 2.5 mL. Samples were placed in a water bath (40˚C) for 30 minutes, cooled to room temperature and read on a spectrophotometer at 636 nm. Ammonium concentrations of samples were determined from a calibration curves created from a set of known standards (0.001, 0.01 and 0.1 µg•g −1
) and values converted to µg•g −1 .
Ammonium-Water
Ammonium was determined by ammonium ion-selective electrode (ISE), an Oakton ® Acorn TM series Ion 6 electrode calibrated with standards (after Bendell-Young et al. 2010) . Standards were made with seawater to account for background interferences due to the high conductivity of seawater. Because background seawater concentrations were different for each set of experiments (seawater used for the experimental tidal cycle was from a local inlet, whereas seawater for the ambient heating and field experiments was from Fillongley Park) determined aqueous ammonium values can be compared within each experiment but not among. Ammonium concentrations of samples were determined from calibration curves created from a set of known standards (0.1, 0.01 and 0.001 µmoles•L −1 ) and values expressed in µM. For both microcosm and mesocosm experiments the ammonium probe was calibrated each day to the set of known standards.
Statistical Analysis
All analysis was implemented through Systat (Sigma Plot 12.5). Data were checked for normality and equal variances; if assumptions were not met, data were log transformed prior to analyses. For the ambient warming experiments, the sorption co-efficient (Kd) was calculated as sediment ammonium concentration (mg•g 
Results
Ambient Room Temperature
Varnish clams excrete ammonium directly as inorganic ammonium through urine of which the composition can range from 60% -100% ammonium depending on the species of bivalve [16] and indirectly as organic ammonium (feces and psuedofeces) to the water and sediment environment. The pool of ammonium within the sediment and overlying water will be determined by the rate of ammonification of the organic pool and the rate of nitrification of the inorganic pool. Ammonification will increase the pool, nitrification will decrease the pool. Sterilization of sediments should remove bacterial activity required for ammonification and nitrification. Therefore, concentrations of ammonium measured in sediments and water in the sterilized treatments should be from the bivalve alone rather than that contributed by ammonification or lost through nitrification. Both sterilization and the presence or absence of clams significantly affected sediment and water ammonium ( Table 1) . Treatments Table 1 . Significant sources of variation for the mesocosm and 2 microcosm experiments. Mesocosm and the experimental tide cycle, direct heating experiment were analyzed through 3-way ANOVA, whereas the ambient heating was analyzed through a repeated measures ANOVA. F and P values are given for each source of variation. ns is not significant.
Source of variation Variable
Microcosm; ambient heating Ammonium (water) Ammonium (sediment) (Figure 3(a) ). By contrast, sediment ammonium was greater in sterilized sediment, both with and without varnish clams, with recovery of ammonium decreasing with room warming (Figure 3(a) , Table 1 ). Significantly greater amounts of ammonium were recovered from the sterilized sediment with varnish clams present on the last two days of the experiment. As with sediment ammonium, ammonium in the overlying water column in non-sterilized treatments was significantly lower as compared to sterilized treatments, with concentration increasing over the 22 days (Figure 3(b) , Table  1 ). Surface water ammonium concentration in the sterilized treatments also increased up to day 15 at which time only the treatment with varnish clams continued to accumulate ammonium (Figure 3(b) ). Sorption coefficients decreased in all treatments up until day 11. Ambient cooling of the room from 20˚C to 15˚C correlated to an increase in Kd's for all treatments, notably for the sterilized varnish treatment; warming decreased Kd's, cooling increasing Kd's (that is increasing temperature resulted in greater amounts of ammonium in the water column relative to sediment) (Figure 3(c) ).
Experimental Tidal Cycle
Significant differences in pH occurred at the experimental tidal cycle of RI and RIII, where the heated/with clam treatments had close to a 1.3 fold increase in hydrogen ion as compared to all other treatments (Figure 4(a) , Table 1). Ammonium within the sediment was greatest for the heated/with clam treatment with no clear trend with respect to experimental tidal cycle (Figure 4(b) , Table 1 ). Ammonium in the overlying water was dependent both on experimental tidal cycle and treatment (Figure 4(c) , Table 1 ). Greatest amounts of ammonium in overlying water occurred in the heated/with clams treatment and appeared to be dependent on the experimental tidal cycle with greater recovery of ammonium after sediments had been covered with water for 8 hours (i.e., RI, RII and RIII).
Mesocosm Experiments
Day and Tide and the interaction between Day and Tide and Tide and Treatment significantly influenced overlying water pH, ammonium and sediment ammonium both in surficial and sub-surface sediments ( Table 1) . For both the heated and covered sediments, prior to the rain event, higher pH's were recorded at FI and FII relative to RI and RII suggesting a tidal affect i.e., flood tide buffering the overlying water column (Figure 5(a) ). This buffering effect was evident in the sub-surface interstitial waters for FI, heated and exposed. Interstitial ammonium collected from surface sediments demonstrated a strong tidal influence with concentrations peaking during flood tides (FI, FII and FIII, Figure 5(c) ). Sub-surface intertidal waters were also tide dependent, notably at FII and FIII (Figure 5(d) ). Heated and exposed sediment contained greater amounts of ammonium as compared to covered sediments at FII, otherwise treatment had no effect (Figure 5(d) ). Sediment ammonium was affected by both Day and Tide but not treatment for both surface and sub-surface sediments (Figure 5 (e) and Figure 5 (f), Table 1 ). As with interstitial waters, higher amounts of extractable ammonium occurred at flood tide (FII), but no clear tidal cycle as with interstitial waters was observed. There was a notable increase in sample variability after the rain event (Figure 5 (e) and Figure 5(f) ), confounding tidal affects.
Discussion
Microcosms Experiments
Ammonium is rapidly processed by biological processes. By sterilizing sediments bacterial processes would be prevented or at least reduced enabling an evaluation of the amounts of ammonium contributed by bivalves to the intertidal environment. Ambient warming of room temperature increased the amounts of ammonium within surface water for all treatments but notably for those treatments with sterilized sediments and varnish clams. With increasing temperatures, greater concentrations of ammonium in the water column relative to sediment were observed (e.g., decreasing Kd values). Experimental tidal experiments with and without bivalves also demonstrated the affect of warming with greater amounts of ammonium recovered from both sediments and water under the heated/with clam treatments as compared to heated/without clams. Studies on the influence of temperature on ammonium excretion rates in bivalves indicate that rates generally increase with increasing temperature. For example Manila clam excretion rates were found to increase with increasing temperatures [17] in both large and small (36 and 26 mm respectively) clams [18] . Excretion rates of Dreissena polymorpha acclimated to 20˚C, 24˚C, 28˚C and 32˚C for 30 days were 4.9 times greater at 32˚C as compared to bivalves acclimatized to 20˚C [19] . By contrast, excretion rates of Ruditapes decussatus (L.) acclimated for 48 hours to a range of selected temperatures (20˚C -35˚C) were temperature independent in the experimental range which was attributed to seasonal thermal acclimation to environmental fluctuating temperatures [20] .
The experimental tidal cycle also appeared to affect pH with a decrease observed in the heated/with clams microcosms. Oxygen consumption rates in clams increase with temperature up until 25˚C [18] which results in a greater release of CO 2 that can react with seawater to produce carbonic acid and hence lower overlying water pH [21] .
Mesocosm Studies
While we were successful in obtaining a temperature difference between exposed/heated and covered mesocosms, treatment (temperature) did not appear to affect ammonium in either sub-surface or surface sediments. There was one exception however, with the greatest amounts of aqueous ammonium occurring at a sub-surface depth at FII, preceding the rain event and just after intense heating. Fluxes of ammonium from both sandy and muddy sediments in a shallow coastal lagoon have been shown to be sensitive to differences in temperature, with greater fluxes noted during summer as compared to cooler seasons [22] . Greater diffusive fluxes of ammonium from surface sediments of the southern Baltic Sea in late summer when water temperature has been the warmest have also been reported [23] .
Tide had a significant affect with flood tides generally containing greater amounts of ammonium within sediment interstitial waters as compared to ebb tides. Studies on the effect of tidal range on the flushing of ammonium from intertidal sediments of the Tagus estuary, Portugal have found a clear pattern with considerable quantities of ammonium being exported from the sediment to the water column just at the beginning of inundation [24] . Under experimental laboratory conditions it has been demonstrated that flood tides promote the efflux of ammonium into overlying waters with this flux an important source of nutrients to overlying waters during the long-term exposure of sediment during spring and neap tides [25] . Finally, it has also been shown that seawater which has entered sediment during flood tides contain higher concentrations of nutrients within sediment interstitial waters as compared to seawater [26] .
Interstitial water pH was also influenced by tidal activity tending to be higher on the flood rather than ebb tides. However, the rain event that occurred between FII and RIII may have obscured a more definitive relationship. As rain water is slightly acidic (pH of 5.4), it would contribute to interstitial water acidity when the intertidal is exposed, possibly resulting in the lower than expected pH recorded at FII for sub-surface sediments and to a lesser extent for surface sediments. In addition to rain events, intertidal pH is subject to a number of environmental factors that can add to its variability including temperature, photosynthesis and animal respiration. Respiration during ebb tides would result in an accumulation of CO 2 over the period of exposure which could then reduce interstitial water pH as seen in RI and RII at 0 -3 cm depth as well at RI and RII at 3 -6 cm depth. In both cases, on the flood tide FI, pH increased suggesting that incoming seawater with a pH of 7.6 was acting as a buffer.
Integration of Lab and Field Studies
On the west coast of BC the dominant intertidal bivalves are now the two non-indigenous species, the Manila and varnish clam. Their numbers can occur at densities 4 to 8 times greater than that of the indigenous species the native little neck which is confamilial to the Manila and varnish clam [6] [8] . Hence, the two non-indigenous species have the potential to be key drivers mediating biogeochemical cycles within the intertidal. Integrating the results of the microcosm and fields studies we suggest that high densities of the Manila and varnish clam will lead to greater amounts of ammonium released to the intertidal with this amount increasing with tempera-ture. Accumulation of intertidal ammonium will then be discharged to coastal seas as a "pulse" on flood tides. As a result of increased respiration rates due to higher densities of bivalves, interstitial waters will also increase in acidity.
A recent constructed a nitrogen budget of the Strait of Georgia, a semi-enclosed coastal sea of the west coast of BC where high numbers of Manila and varnish clams occur found that the overall anthropogenic contribution of particulate nitrogen and dissolved inorganic nitrogen to the Strait of Georgia was minimal relative to natural sources, although anthropogenic nitrogen sources such as wastewater outfalls may have significant local effects [27] . Baynes Sound which is within the Strait of Georgia, is a major shellfish farming region producing over 50% of British Columbia's oysters and Manila clams [4] . The city of Courtney-Comox is also located on Baynes Sound with the local river and estuary which is highly eutrophic closed to shellfish farming due to high levels of fecal coliforms. The combined contributions of ammonium from the high density of farmed Manila clams as well as human inputs could lead to the eutrophication of this region. Eutrophication as well as warming temperatures has been linked to the occurrence of harmful algae blooms (HAB) [28] and the increased fluxes of ammonium from the intertidal may serve to facilitate these blooms within regions where anthropogenic inputs are already occurring.
There are large gaps in our understanding of the impacts of ocean acidification which includes the natural variability of pH and the interactions of changes in other environmental stressors such as increased temperature [7] . To contribute to reducing these data gaps our findings suggest that intertidal pH will also be affected by the increased numbers of bivalves with increased respiration contributing to acidity within the sediment interstitial water through increased CO 2 production. This process will also be facilitated within a warming environment. The biological significance of this decrease in pH and whether it will contribute to ocean acidification within coastal BC in general, however, is not known. The northwest coast of North America is particularly vulnerable to ocean acidification due to regional factors such as coastal upwelling which brings offshore waters rich in carbon dioxide and low in pH [29] . Impacts of ocean acidification are already been felt by the shellfish industry with large die offs of oyster seed being attributed to low pH of coastal waters [30] . Given the potential for high densities of the non-indigenous Manila and varnish clam to increase flux of ammonium and pH to shallow coastal seas, it would seem prudent that where possible, populations are kept at low numbers to ensure that intertidal ammonium fluxes and pH are not influenced by their presence.
